Abstract -To assess the genetic variability in both the nocturnal increase pattern of melatonin concentration and photoresponsiveness in coat changes, an experiment on 422 Rex rabbits (from 23 males) raised under a constant light programme from birth was performed. The animals were sampled at 12 weeks of age, according to 4 periods over a year. Blood samples were taken 7 times during the dark phase and up to 1 h after the lighting began. Maturity of the fur was assessed at pelting. Heritability estimates of blood melatonin concentration (0.42, 0.17 and 0.11 at mid-night, 13 and 15 h after lights-out respectively) and strong genetic correlations between fur maturity and melatonin levels at the end of the dark phase (−0.64) indicates that (i) the variability of the nocturnal pattern of melatonin levels is under genetic control and (ii) the duration of the nocturnal melatonin increase is a genetic component of photoresponsiveness in coat changes. rabbit / coat development / melatonin secretion / genetic variability
INTRODUCTION
The pineal gland, via melatonin secretion is a key element in the neuroendocrine control of pelage changes by photoperiodism in various mammalian species including mink, sheep, goats and rabbits [1] as it is for many other functions including reproduction, the regulation of body weight, the immune system, thyroid activity, thermoregulation, the control of neoplastic growth and more generally the control of circadian rhythms [2] . The photoperiodic information received by the retina is transduced into a neuroendocrine signal through the nocturnal duration of the increase in the pineal hormone, melatonin, [7] . It is well established that nocturnal increases of blood melatonin levels are highly variable in both duration and amplitude amongst individuals. Recently, it has been shown in sheep that the variability in night-time melatonin plasma levels is under a strong genetic control [13] but no similar information is available about the duration of the nocturnal increase of melatonin levels. Furthermore, it is well known that the time of coat changes in response to changes in the photoperiod are variable among individuals and could be modified by a selection programme in some mammals [6] .
The study presented in this paper was conducted to assess genetic variability in both the nocturnal pattern of melatonin plasma concentrations and coat changes in the rex rabbit bred for fur production.
MATERIALS AND METHODS

Animals
This experiment was carried out at the fur rabbit farm of the Institut national de la recherche agronomique, Le Magneraud, France. Rabbits were born between January and mid-September 1998. The animals were maintained under long photoperiods (LD 16:8, light from 4 to 20 h) from birth to 8 weeks of age and then moved to short photoperiods (LD 8:16, light from 8 to 16 h) until the blood sampling procedure which occurred at 12 weeks of age corresponding to the onset of coat replacement induced by light treatment [11] . The rabbit colony is managed in 10 reproduction groups composed of 1 male and 10 females with overlapping generations. Within each group a sire is always replaced by one of his sons while female replacement is made with animals born in other paternal groups. The animals were issued from a line of Rex rabbits selected for several fur production traits: live bodyweight at 8 weeks and hair length, fur compactness, bristliness score and fur maturity score observed at 16 weeks of age [9] . A total of 422 animals of both sexes born from 23 sires (50 to 55 animals/reproduction group; 3 to 40 animals/sire) were used and their genealogy was known over about ten generations so that a total of 24473 animals were included in the pedigree file. The animals were housed individually from 8 weeks of age in closed buildings with a natural ventilation and where the temperature varied between 15 • C in the Winter and 25 • C in the Summer.
The animals were fed ad libitum with a complete pelleted commercial food and had free access to water.
Blood sampling
The animals were blood sampled at 12 weeks of age according to four different periods over the year 1998: mid-March, mid-June, mid-September or mid-December which correspond to solstice and equinox times. At each period, two groups of 50 animals were sampled at a weekly interval as allowed by time; a maximum of 50 rabbits could be sampled within one hour. For each rabbit, blood sampling occurred 6 times during the dark phase at the 5th, 6th, 7th, 8th, 13th and 15th hour after the lights were switched off and one time during the light phase 1 h after the lights went on. This blood sampling design during the night was used in order to determine the amplitude and the duration of the nocturnal increase of melatonin secretion. The amplitude was evaluated by meaning plasma melatonin concentrations from the fifth to the eighth hour of the dark phase. The two blood samples taken in the late dark phase were indicators of the duration since in most species including the rabbit [12] , melatonin secretion begins as soon as the lights are switched off. Blood samples were obtained by venipuncture of the ear artery and were collected under dim red light (<1 lux at 20 cm), avoiding any direct illumination of the eyes. Plasma was immediately separated by centrifugation and stored at −20 • C until assay.
Radioimmunoassays
Plasma melatonin concentrations were estimated from a 250 µL aliquot of blood plasma. An extraction with 2 mL of chloroform was first performed. After freezing at −20 • C and total evaporation of the organic phase, the extract was diluted in 700 µL of a tricine buffered saline, then two aliquots of 300 µL were taken for radioimmunoassay according to the technique of Fraser et al. [4] with an antibody raised by Tillet et al. [10] . The sensitivity of the assay was 4 pg·mL −1 .
Measurement of fur priming on dry pelts
At pelting (18 weeks of age), the skins were fleshed and dried. A picture from the leather side with a digital camera was taken and the priming of the fur was evaluated by measuring the area of pigmented blue skin with the help of a specific routine developed under the Optimas  imaging analysis software.
The skin is blue pigmented during the active phase of hair follicle growth due to both an intense vascularisation around the hair bulb and incorporation of melanin within the hair, while during the rest phase and due to the absence of cell multiplication, the skin is unpigmented and nearly white. The rate of fur priming was determined by the ratio of the area of blue pigmented skin to total skin area.
Statistical analysis
A mean mid-night melatonin plasma concentration was assessed for each rabbit from the four samples taken during mid-night at hourly intervals from the 5th to 8th hours after lights off. Normalisation of the variable rate of fur priming area, ranging from 0 to 1, was performed using an arcsine transformation. Genetic parameters for all traits (Y) were estimated in a single run using REML VCE, a multivariate restricted maximum likelihood variance component estimation programme [5, 8] with an animal model according to the following mixed linear model:
where Y i jkm is a matrix of traits measured on animal l, µ is the overall mean, S i is the sex effect (two levels: male or female), M j is the period of the year effect (four levels: March, June, September or December), BG jk is the bleeding group within the period of the year effect (eight levels: two bleeding groups per period), a l is the random vector of additive genetic effects of animals, c m is the random vector of common environmental effects for all animals from the same litter, and e i jklm is the random vector of residuals. The additive genetic, litter and residual vectors were assumed as normally distributed random effects, a ∼ N(0, Aσ 2 a), c ∼ N(0, Iσ 2 c), e ∼ N(0, Iσ 2 e) where A is the relationship matrix among animals, I is the identity matrix, and σ 2 a, σ 2 c and σ 2 e are the additive genetic, litter and residual variances respectively.
The phenotypic variance was estimated by the sum of the estimated additive genetic, common environment and residual variance. Heritability was calculated as the ratio of estimated additive genetic variance on phenotypic variance.
RESULTS
Variations of mean plasma melatonin concentrations during the night are reported in Table I . High concentrations (between 154.3 ± 3.4 to 174.7 ± 3.7 pg·mL −1 ) were observed around mid-night from the fifth to the eighth hour of the dark phase. Mean mid-night plasma concentrations of melatonin were 165.5 ± 3.1 pg·mL −1 . Plasma melatonin concentrations remained high 13 h after lights out (143.9 ± 3.3 pg·mL −1 ). Thereafter a sharp decrease was observed. Fifteen hours after lights out, the mean plasma melatonin level was 36.1 ± 2.5 pg·mL −1 and close to zero (7.3 ± 0.2 pg·mL −1 ) one hour after the onset of the light phase.
A very large variation between the animals was observed in the decrease of melatonin in the late part of the dark phase (Tab. I). Fifteen hours after lights out, some animals exhibited high levels similar to those observed at mid-night while very low levels close to zero and similar to diurnal levels were observed in the others.
Heritabilities, and phenotypic and genetic correlations of plasma melatonin concentrations over the dark phase and rate of fur priming area at pelting are shown in Table II. Heritability estimates of plasma melatonin concentrations were moderate during the night (from 0.42 at mid-night to 0.11 for D15) and low during the daylight period (0.05). Genetic correlations between melatonin levels in consecutive samples were positive and high (0.54 to 0.83) but decreased as the interval between sampling time increased.
There were high negative genetic correlations between the rate of fur priming and melatonin levels in the late part of the dark phase or 1 h after the lights went on and low or close to zero with melatonin levels at mid-night.
DISCUSSION
The heritability estimate of mid-night plasma melatonin concentration was moderate and similar to that observed in ewes [13] . This proves that the large variability in mean melatonin plasma concentrations at mid-night is under genetic control in rabbits as it is in sheep [3] . Moreover it has also been shown that the genetic variability in melatonin concentrations in ewes originates in its synthesis, and not in its catabolism [14] . We can suppose that it will be similar in rabbits.
The moderate heritability estimates of plasma melatonin concentrations in the late part of the night (0.17 and 0.11 at 13 and 15 h after lights out, respectively) are more interesting. Such parameters are indicators of the duration of the nocturnal increase of melatonin, which, in most species including the rabbit [12] , begins as soon as the light is switched off. Thus, the very large phenotypic variability in melatonin concentrations in the late part of the dark phase observed between animals is under genetic control and indicates that some animals are able to anticipate the end of the dark phase. To our knowledge, no other reports about the genetic control of the duration of plasma melatonin levels during the night in any mammalian species has been published. Therefore the duration of the nocturnal increase of plasma melatonin levels transduces the photoperiodic information and is the main cue of seasonal function changes in response to photoperiod changes [7] .
Furthermore, the measurement of the rate of fur priming area at pelting is an indicator of the photoresponsiveness of coat changes. The animals were raised under a lighting pattern that induces coat development changes in rabbits [11] . There is no genetic relationship between the rate of the fur priming ratio and melatonin levels at mid-night. But strong and negative genetic correlation estimates were observed with melatonin concentrations in the later part of the dark phase or 1 h after the lights were switched on, −0.64 and −0.50, respectively. The lower were the melatonin levels, the higher the rate of fur priming area. Such result would first indicate that the main cue of coat changes photoresponsiveness is the duration of high nocturnal melatonin levels rather than the levels at mid-night. This confirmed that photoperiodic information is transduced by the duration of a nocturnal increase of plasma melatonin levels [7] . Secondly, it appears that under a short day photoperiod, the animals exhibiting a shorter duration of nocturnal high melatonin levels would respond better to the photoperiod. Thus the duration of the nocturnal plasma melatonin increase which is under genetic control, could be an interesting genetic component of photoresponsiveness. A selection experiment with divergent lines upon the duration of nocturnal increase of melatonin concentrations and measurement of correlated responses on seasonal functions would confirm our results. Additionally such a divergent selection on nocturnal melatonin levels may be useful to elucidate the physiological mechanisms underlying the regulation of melatonin blood levels in mammals.
The experimental design used in this study was to assess the genetic variability of the two main components of the nocturnal increase of melatonin concentration, i.e. amplitude and duration, in relation to photoresponsiveness in coat changes. Thus blood samples and melatonin concentration measurements were first defined in order to determine the amplitude or the maximum of the nocturnal increase of melatonin secretion and to obtain indicators of the duration of this secretion pattern, but not for precisely describing the whole secretion pattern all over the night. These main components, amplitude and duration of the nocturnal increase of the melatonin concentration, could be interpreted as independent time variables since it has been shown that the variability of melatonin concentration during the dark phase originates in its synthesis rather than in its catabolism since mid-life duration of melatonin in the blood is about 20 min [14] , i.e. ten times shorter than the interval between blood samples at mid-night and those in the late dark phase. Thus due to the first aim of this study and to the rapid catabolism of melatonin in the blood the data were analysed according to a classical linear generalised model rather than a longitudinal data one. However, any autoregressive structure of our data cannot be fully excluded since genetic correlations between consecutive samples decrease as the time interval increases. Thus it would be useful to study more precisely the pattern of melatonin secretion at regular intervals during the night in a future investigation and to analyse data with a model for longitudinal data.
In conclusion, the variability of both the mid-night melatonin blood levels and the duration of the nocturnal increase of melatonin levels are under genetic control in rabbits. Moreover, there is a genetic link between melatonin levels in the late part of the dark phase and photoresponsiveness in coat changes.
